The role of tumor necrosis factor (TNF) in regulating various phases of the antiviral T-cell response is incompletely understood. Additionally, despite strong evidence ascribing a role for TNF in protecting against T-cell-dependent autoimmunity, the underlying mechanisms are still obscure. To address these issues, we have investigated the role of tumor necrosis factor receptors (TNFRs) I (p55R) and II (p75R) in regulating CD8 T-cell responses to lymphocytic choriomeningitis virus (LCMV) with wild-type, p55R-deficient (p55 ؊/؊ ), p75R-deficient (p75 ؊/؊ ), and p55R-and p75R-deficient (DKO) mice. Loss of p55R increased the number of memory CD8 T cells to only one of the two immunodominant epitopes, and p75R deficiency had a minimal impact on the T-cell response to LCMV. Strikingly, deficiency of both p55R and p75R had a more dramatic effect on the LCMV-specific CD8 T-cell response; in the DKO mice, as a sequel to enhanced expansion and a reduction in contraction of CD8 T cells, there was a substantial increase in the number of memory CD8 T cells (specific to the two immunodominant epitopes). While the majority of LCMV-specific memory CD8 T cells in wild-type mice were CD62L hi CCR7 hi (central memory), a major proportion of memory CD8 T cells in DKO mice were CD62L lo CCR7 hi . TNFR deficiency did not affect the proliferative renewal of memory CD8 T cells. Taken together, these data suggested that TNFRs p55R and p75R have overlapping roles in downregulating CD8 T-cell responses and establishment of immune homeostasis during an acute viral infection.
It is well established that CD8 T cells play a critical role in defense against viral, intracellular bacterial, and protozoan pathogens. Typically, acute systemic viral infections in humans and mice elicit massive expansion of antigen-specific CD8 T cells (7-9, 36-38, 59 ). This phase of intense antigen-driven proliferation is followed by the contraction phase, when 90 to 95% of the expanded virus-specific CD8 T cells are lost, presumably by apoptosis (2, 38, (52) (53) . The remaining Ϸ5% of the CD8 T cells survive to become memory cells, which are responsible for accelerated T-cell responses upon reinfection (2, 52) . The number of memory CD8 T cells generated depends upon the extent of expansion (clonal burst size) and ensuing apoptosis (clonal downsizing) of activated T cells during the primary T-cell response (2, 18, 38) . A thorough understanding of the mechanisms that regulate the expansion and apoptosis of antigen-specific CD8 T cells during an immune response should be helpful towards engineering effective vaccines that induce potent T-cell memory and development of immunotherapeutic strategies to curb T-cell-dependent autoimmune diseases.
Tumor necrosis factor alpha (TNF-␣) is a proinflammatory cytokine produced primarily by activated T cells and macrophages. TNF exerts its effect on cells primarily via two receptors: TNF receptor (TFNR) I (p55R) and TNFR II (p75R) (30, 51) . Apart from its well-established role as a proinflammatory cytokine, TNF has also been shown to play an important role in maintaining immune homeostasis. Germline mutations in p55R have been shown to be the underlying cause of dominantly inherited autoinflammatory syndromes in humans (35) . p55R deficiency accelerates lymphadenopathy, autoimmunity, and early mortality seen in Fas mutant (lpr) mice (71) . Further, there is substantial evidence that TNF has protective effects against T-cell-mediated autoimmunity (14, 15, 25) . It was recently reported that TNF-deficient mice exhibit severe tissue pathology and mortality during a mycobacterial infection as a result of uncontrolled T-cell activation and cytokine production (68) . However, the mechanisms underlying the regulation of antigen-specific T-cell responses by TNF-TNFR interactions are incompletely understood.
Lymphocytic choriomeningitis virus (LCMV) infection of mice is one of the best-characterized systems to study CD8 T-cell responses. Infection of adult immunocompetent mice with the Armstrong strain of LCMV induces a potent CD8 T-cell response that results in viral clearance within 8 to 10 days postinfection (28) . Following LCMV infection, at the peak of CD8 T-cell response (day 8 postinfection), 50 to 70% of the CD8 T cells in the spleen are virus specific (17, 38) . A majority of these LCMV-specific effector CD8 T cells undergo apoptosis after day 8 postinfection, leaving behind a finite number of memory T cells (38) . In immune mice, LCMVspecific memory CD8 T cells (all epitopes combined) exist at a remarkably high frequency, constituting up to 10% of the total CD8 T cells in the spleen (17, 38) . The primary CD8 T-cell response to LCMV-Armstrong is not dependent upon the presence of CD4 T cells or B cells or CD28-and CD40L-mediated costimulatory interactions (3, 6, 13, 27, 34, 54, 62, 66) . Although the expansion phase (days 0 to 8 postinfection) has been well studied, the mechanisms that regulate the contraction (days 8 to 30 postinfection) phase of LCMV-specific CD8 T-cell response are not well understood. Previous studies have indicated that apoptosis of LCMV-specific CD8 T cells occurs in a Fas-independent fashion (44, 72) and gamma interferon (IFN-␥)-deficient mice exhibit a delay in contraction of LCMV-specific CD8 T-cell responses (5, 31) . The role of TNFR p55R in regulating LCMV-specific CD8 T-cell responses has been investigated with T-cell receptor transgenic mice (39, 45) . These studies with monoclonal T cells bearing the transgenic T-cell receptor showed that p55R deficiency did not affect the expansion or contraction of activated CD8 T cells during acute LCMV infection (39, 45) . However, the role of the other TNFR, p75R, which has been directly implicated in activated T-cell apoptosis (70) , is not known. Additionally, the existence of functional redundancies between p55R and p75R (48) in regulating CD8 T-cell responses has not been examined. Therefore, in this study, we have performed a detailed and systematic analysis of the role of TNFRs p55R and p75R in regulating the expansion, contraction, and memory phases of the polyclonal CD8 T-cell response to acute LCMV infection in mice.
MATERIALS AND METHODS
Mice. The generation and characterization of the p55R-deficient (p55 Ϫ/Ϫ ), p75R-deficient (p75 Ϫ/Ϫ ), and p55R-and p75R-deficient (DKO) mice have been reported previously (41, 42) . The p55 Ϫ/Ϫ mice (42) on the C57BL/6 background and the wild-type C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, Maine). The p75 Ϫ/Ϫ and DKO mice on the C57BL/6 background (41) were kindly provided by Jacques J. Peschon (Immunex Corp., Seattle, Wash.). The mice used in these studies were between 6 and 8 weeks of age at the time of infection. All mice were provided sterilized food and drinking water and were maintained under specific-pathogen-free conditions. Animal experiments were conducted in accordance with approved institutional animal welfare guidelines.
Virus. Mice were infected with 2 ϫ 10 5 PFU of the Armstrong CA 1371 strain of LCMV (LCMV-Armstrong) by intraperitoneal injection (1) . All LCMV stocks used in this study were triple plaque purified on Vero cells, and stocks were grown in BHK-21 cells. Infectious LCMV in the tissues and serum of infected mice was quantitated by a plaque assay on Vero cells as described previously (1) .
Cytotoxicity assay. The major histocompatibility complex (MHC) class I-restricted CD8 T-cell-mediated cytotoxic activity in the spleens of LCMV-infected mice was measured directly ex vivo with MC57 cells (H-2 b ) as targets in a standard 51 Cr release assay as described elsewhere (1). Quantitation of LCMV-specific CD8 T cells by MHC class I tetramers. In C57BL/6 mice (H-2 b ), the two dominant D b -restricted LCMV cytotoxic T-lymphocyte epitopes are the amino acid residues 396 to 404 and 33 to 41 in the viral nucleoprotein (NP) and glycoprotein (GP), respectively. The preparation of MHC class I tetramers (D b ) loaded with LCMV cytotoxic T-lymphocyte epitope peptides NP396-404 (NP396) and GP33-41 (GP33) has been described previously (38) . Erythrocyte-depleted single-cell suspensions of the spleen were prepared by standard procedures. Mononuclear cells were isolated from phosphatebuffered saline-perfused livers as described by Masopust et al. (33) . Freshly explanted splenocytes or mononuclear cells from the liver were stained with allophycocyanin-labeled MHC class I tetramers, anti-CD8, anti-CD44, and anti-CD62L antibodies in fluorescence-activated cell sorting buffer (phosphate-buffered saline containing 2% bovine serum albumin and 0.1% sodium azide) for 1 h at 4 C.
CCR7 expression on LCMV-specific memory CD8 T cells was assessed by staining with CCL19-Fc fusion proteins as described previously (56) . CCL19-Fc fusion proteins were provided by Jason Cyster (University of California, San Francisco). In some experiments, splenocytes were stained with anti-CD122 and anti-Ly-6C in conjunction with anti-CD8 antibodies to enumerate activated and memory CD8 T cells. All antibodies were purchased from BD-Pharmingen (San Diego, Calif.). Following staining, cells were fixed in phosphate-buffered saline containing 2% paraformaldehyde and acquired on a FACScalibur flow cytometer (Becton Dickinson, San Jose, Calif.), and the data were analyzed with CellQuest software (Becton Dickinson).
Quantitation of LCMV-specific CD8 T cells by intracellular staining for IFN-␥. Intracellular staining for IFN-␥ was performed as described previously (38) . Briefly, freshly explanted splenocytes (10 6 cells/well) were cultured with or without the LCMV cytotoxic T-lymphocyte epitope peptides (0.1 g/ml) in the presence of brefeldin A (Golgistop; Pharmingen) and human recombinant interleukin-2 (10 U/well; Pharmingen) in 96-well flat-bottomed plates. After 6 h of culture, cells were stained for surface CD8 and intracellular IFN-␥ with the Cytofix/Cytoperm kit (Pharmingen) according to the manufacturer's instructions. The anti-CD8 and anti-IFN-␥ antibodies used in this procedure were purchased from BD-Pharmingen. Assessment of in vivo proliferation of LCMV-specific CD8 T cells with BrdU. The proliferation of LCMV-specific CD8 T cells in LCMV-infected mice was assessed by administering 5-bromo-2Ј-deoxyuridine (BrdU) (0.8 mg/ml) in drinking water for 8 days. After 8 days of BrdU treatment, splenocytes were stained with allophycocyanin-labeled MHC class I tetramers and phycoerythrin-labeled anti-CD8 antibodies. Following surface staining, cells were permeabilized and stained for BrdU with fluorescein isothiocyanate-conjugated anti-BrdU antibodies (B44; Becton Dickinson) as described previously (54) . Flow cytometry and data analysis were performed as described earlier. BrdU-free LCMV-infected mice served as controls for BrdU staining.
Statistical analysis. Experimental data were analyzed by using commercially available software (SYSTAT [Chicago, Ill.], version 10.2).
RESULTS
Primary CD8 T-cell responses in TNFR-deficient mice. To examine the role of TNFRs in the induction of the primary CD8 T-cell response, groups of wild-type, p55
Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice were infected with LCMV-Armstrong. On day 8 postinfection, we quantitated MHC class I-restricted cytotoxic T-lymphocyte activity in the spleens of LCMV-infected wildtype, p55
Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice directly ex vivo. As shown in Fig. 1A , splenocytes from wild-type mice exhibited potent LCMV-specific cytotoxic T-lymphocyte activity. The data in Fig. 1A also show that cytotoxic T-lymphocyte activity in the spleens of p55 Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice was vigorous and comparable to that of wild-type mice. These data suggested that development of MHC class I-restricted cytotoxicity, an effector function of CD8 T cells, was not dependent upon TNFR signaling.
In mice on the H-2 b background, the immunodominant LCMV cytotoxic T-lymphocyte epitopes (D b restricted) are NP396 and GP33 (38) . The primary CD8 T-cell response to LCMV in TNFR-deficient mice was further characterized by determining the expansion of virus-specific CD8 T cells with MHC class I tetramers specific to the LCMV cytotoxic Tlymphocyte epitopes NP396 (D b NP396-404) and GP33 (D b GP33-41). On day 8 postinfection, splenocytes from wild-type, p55 Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice were stained with anti-CD8, anti-CD44, and MHC class I tetramers, and analyzed by threecolor flow cytometry. The data in Fig. 1B show the absolute numbers of LCMV-specific CD8 T cells in the spleens of wildtype, p55
Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice. Compared to that of wild-type mice, the absolute numbers of LCMV-specific CD8 T cells in the spleens of p75 Ϫ/Ϫ and DKO mice were enhanced but not significantly different from each other. However, the total numbers of LCMV-specific CD8 T cells in the spleens of DKO mice and not p75 Ϫ/Ϫ mice were significantly (P Յ 0.05) higher than in wild-type mice. Quantitation of LCMV-specific CD8 T cells by intracellular cytokine staining also showed that the spleens of p75 Ϫ/Ϫ and DKO mice contained two to threefold more LCMV-specific CD8 T cells than wild-type mice (data not shown). These data show that TNFR signaling is not required for optimal activation and expansion of CD8 T cells specific to the dominant cytotoxic T-lymphocyte epitopes of LCMV. Indeed, these findings suggested that TNFRs might VOL. 79, 2005 TNF RECEPTORS AND T-CELL RESPONSES 203 suppress primary CD8 T-cell responses during an acute viral infection.
To examine the effect of TNFR deficiency on viral clearance, we quantitated infectious LCMV in the spleen and lung on days 3, 5, and 8 after infection with LCMV-Armstrong. As shown in Table 1 , in all groups of mice, peak levels of LCMV were attained on day 3 postinfection, and viral titers dropped rapidly thereafter. No infectious LCMV was detected in the brain, kidney, and liver at all times examined. As illustrated in Table 1 , the magnitude of viral replication and the kinetics of LCMV clearance in TNFR-deficient mice were similar to that of wild-type mice. These data show that loss of TNFR signaling did not affect the resolution of an acute LCMV infection. Furthermore, these findings are consistent with the generation of normal CD8 cytotoxic T-lymphocyte responses in TNFRdeficient mice (Fig. 1) .
Contraction of LCMV-specific CD8 T cells in TNFR-deficient mice.
Previous studies have shown that Ϸ90% of the expanded LCMV-specific CD8 T cells are eliminated between days 8 and 30 postinfection (38) . Here, we investigated the effect of TNFR deficiency on the contraction phase of CD8 T-cell response to LCMV ( Fig. 2 and Table 2 ). The frequencies of NP396-and GP33-specific CD8 T cells in the spleens of wild-type mice exhibited a sharp decline between days 8 and 30 postinfection. The drop in the frequencies of LCMV-specific CD8 T cells in p75 Ϫ/Ϫ mice was comparable to that in wildtype mice. As shown in Table 2 , the contraction of both NP396-and GP33-specific CD8 T cells was substantially attenuated in DKO mice; while the drop in the frequencies of NP396-and GP33-specific CD8 T cells was Ϸ10-and 9-fold, respectively, in wild-type mice, and there was only a Ϸ5-fold decline in the percentages of LCMV-specific CD8 T cells in DKO mice. Interestingly, the contraction of only NP396-specific CD8 T cells but not GPP33-specific CD8 T cells was significantly altered in p55 Ϫ/Ϫ mice compared to wild-type mice. Alterations in cellular proliferation and/or apoptosis can affect the contraction phase of the CD8 T-cell response. To address this issue, first we quantitated the proliferation rates of LCMV-specific CD8 T cells in vivo in wild-type and TNFRdeficient mice between days 8 and 15 postinfection. The data in Fig. 3A show that similar proportions of LCMV-specific CD8 T cells incorporated BrdU between days 8 and 15 postinfection in all groups of mice. These data suggested that attenuated contraction of LCMV-specific CD8 T cells in DKO mice might not be due to increased proliferation. Previous work has shown that on day 8 postinfection, a significant proportion of LCMVspecific CD8 T cells in the spleen exhibit a proapoptotic phe- a Mice were infected with LCMV, and viral titers in the spleen and lung were determined by a plaque assay on the indicated day after infection. The data are the viral titers of individual mice. notype, as determined by annexin V binding (64) . We examined the effect of TNFR deficiency on the apoptosis of LCMVspecific CD8 T cells in the spleen directly ex vivo on day 8 postinfection. As shown in Fig. 3B and 3C, the relative proportions of annexin V hi NP396-specific CD8 T cells in the spleens of DKO mice were significantly lower than in wild-type mice. The percentages of annexin V hi GP33-specific CD8 T cells were lower in DKO mice compared to wild-type mice, albeit not highly significant at P Ͻ 0.01. Taken together, these data indicated that TNFR might modulate the contraction phase of the CD8 T-cell response by regulating cellular apoptosis.
CD8 T-cell memory in TNFR-deficient mice. Recovery from an acute LCMV infection results in potent CD8 T-cell memory that provides life-long immunity to reinfection (28, 38) . To determine the role of TNFRs in the regulation of long-term CD8 T-cell memory, groups of wild-type, p55
Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice were infected with LCMV-Armstrong and CD8
T-cell responses were analyzed at multiple time points between days 120 and 480 postinfection. It is well recognized that in C57BL/6 mice, naïve CD8 T cells express low levels of CD44 (CD44 lo ) and activated/memory CD8 T cells are CD44 hi . To examine the effect of TNFR deficiency on the homeostasis of naïve and memory CD8 T cells in LCMV-immune mice, we stained splenocytes with anti-CD8 and anti-CD44 antibodies and analyzed them by flow cytometry (Fig. 4A and 4B ). At all times examined, Ϸ35% of the CD8 T cells were of the CD44 hi phenotype in wild-type and p75 Ϫ/Ϫ mice. The proportion of CD44 hi CD8 T cells in p55 Ϫ/Ϫ mice was Ϸ50%, which was slightly higher than in wild-type mice. Strikingly, in the DKO mice, 70 to 80% of the CD8 T cells in the spleen were CD44 hi ( Fig. 4A and 4B) . Interestingly, the relative proportions of activated/memory phenotype (CD44 hi , CD122 hi , and Ly-6C hi ) CD8 T cells in the spleens of age-matched uninfected wild-type and TNFR-deficient mice were comparable (Fig. 4C) . Taken together, these data provided the first indication that TNFRs
FIG. 2. Effect of TNFR deficiency on the contraction of LCMV-specific CD8 T cells. Groups of wild-type, p55
Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice were infected with LCMV-Armstrong. On the indicated days after infection, splenocytes were stained with anti-CD8, anti-CD44, and MHC class I tetramers. The dot plots are gated on total CD8 T cells, and the numbers are the percentages of epitope-specific CD8 T cells among total splenocytes. The numbers in parentheses are the percentages of LCMV-specific CD8 T cells among total CD8 T cells. Data are representative of three independent experiments. a Mice were infected with LCMV, and on the indicated days postinfection (p.i.), the percentage of CD8 T cells in the spleen that are specific to the epitopes NP396-404 and GP33-41 was determined by flow cytometry. The numbers are the percentages of epitope-specific CD8 T cells Ϯ standard deviation.
VOL. 79, 2005 TNF RECEPTORS AND T-CELL RESPONSES 205
on October 31, 2017 by guest http://jvi.asm.org/ might regulate memory CD8 T-cell homeostasis in LCMVinfected mice but not in uninfected mice. Next, we quantitated LCMV-specific memory CD8 T cells in the spleens with fluorochrome-labeled MHC class I tetramers. Representative flow cytometry profiles of staining for LCMVspecific memory CD8 T cells on day 480 postinfection are shown in Fig. 5A . The data in Fig. 5A shows that LCMVspecific memory CD8 T cells were readily detected in the spleens of all groups of LCMV-immune mice. It is worth noting that all the LCMV-specific memory CD8 T cells are CD44 hi , which is typical of memory T cells. The data presented in Fig. 5A illustrate the striking enhancement in the frequencies (Ϸ6-fold higher) of NP396-specific memory CD8 T cells in the spleens of p55 Ϫ/Ϫ and DKO mice compared to wild-type mice. The frequencies of NP396-404-specific memory CD8 T cells in the spleens of p75 Ϫ/Ϫ mice were comparable to that of wild-type mice. These data suggested that signaling via p55R might play an important role in determining the number of NP396-specific memory CD8 T cells.
The effect of TNFR deficiency on CD8 T-cell memory seems to be epitope dependent; while loss of p55R alone led to a notable increase in the number of NP396-specific memory CD8 T cells, loss of p55R or p75R alone had a minimal impact on the frequencies of GP33-specific memory CD8 T cells. However, the frequency of GP33-specific memory CD8 T cells in DKO mice was considerably higher compared to wild-type, p55 Ϫ/Ϫ , and p75 Ϫ/Ϫ mice. These findings indicate that the function of TNFRs p55R and p75R in regulating the number of GP33-specific memory CD8 T cells might be cooperative and/or redundant.
The absolute numbers of LCMV-specific memory CD8 T cells in the spleens of wild-type, p55 Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice is shown in Fig. 5B (please note the log scale in the figure) . In all experiments, irrespective of epitope specificity, the spleens of DKO mice contained substantially greater numbers of LCMV-specific memory CD8 T cells (8-to 12-fold) compared to wild-type mice. Loss of p75R did not have a significant impact on the number of LCMV-specific memory CD8 T cells in the spleen. While the spleens of LCMV-immune p55 Ϫ/Ϫ mice contained significantly more (Ϸ5-fold) NP396-specific memory CD8 T cells than those of wild-type mice, loss of p55R did not affect the number of GP33-specific memory CD8 T cells on a consistent basis. Consistent with the LCMV-specific memory CD8 T-cell data, the total number of activated/memory CD8 T cells (CD44 hi ) in the spleens of DKO mice was significantly higher than in wild-type mice (Fig. 5C) . Taken together, these data provide strong evidence supporting a negative regulatory role for TNFRs in determining the magnitude of CD8 T-cell memory.
Previous studies have shown that a substantial number of memory T cells reside in the nonlymphoid organs in addition to the secondary lymphoid organs (33, 46) . Therefore, it was important to examine the role of TNFRs in regulating the number of memory CD8 T cells in the nonlymphoid organs. Furthermore, it is well established that TNF-TNFR interactions play critical roles in leukocyte trafficking (50) , and it could be argued that enhanced numbers of LCMV-specific memory CD8 T cells in the secondary lymphoid organs of p55 Ϫ/Ϫ or DKO mice may be due to anatomic redistribution. To address this issue, we quantitated the number of antigenspecific memory CD8 T cells in the livers of wild-type, p55
Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice about 15 months after an acute LCMV infection. As shown in Fig. 6 , NP396-specific memory CD8 T cells were readily detected at high frequencies in the livers of wild-type mice. In comparison to wild-type mice, the frequencies of NP396-specific memory CD8 T cells in the livers of p75 Ϫ/Ϫ mice were two-to threefold higher. Remarkably, the livers of p55 Ϫ/Ϫ and DKO mice contained substantially more NP396-specific memory CD8 T cells than those of wild-type mice (Fig. 6 ). Comparable numbers of mononuclear cells were isolated from the livers in all groups of mice (data not shown). Therefore, increased frequencies of LCMV-specific memory CD8 T cells in p55 Ϫ/Ϫ and DKO mice reflect a true enhancement in the absolute numbers of memory T cells in the liver.
Further studies revealed that Ϸ90% of LCMV-specific memory CD8 T cells isolated from the liver from all groups of mice were CD44
hi and CD62L lo (data not shown), which is the phenotype of the effector memory CD8 T cells. In summary, the data presented in Fig. 5 and 6 provide strong evidence that TNFRs might play a critical role in regulating the number of LCMV-specific memory CD8 T cells in both lymphoid and nonlymphoid organs.
Next we investigated whether TNFR deficiency affected the expression of cell surface molecules on LCMV-specific memory CD8 T cells in the spleen. Loss of p55R and/or p75R did not affect the expression of CD44 on LCMV-specific memory CD8 T cells (Fig. 5A) ; LCMV-specific memory CD8 T cells from all groups of mice were uniformly CD44 hi . However, notable differences were evident when expression of CD62L and CCR7 was compared between NP396-specific memory CD8 T cells from wild-type and TNFR-deficient mice (Fig. 7) . Consistent with published data, Ϸ60% of NP396-specific memory CD8 T cells in wild-type mice exhibited the CD62L hi CCR7
hi phenotype (65) . In contrast, only Ϸ30% of NP396-specific CD8 T cells were of the CD62L hi CCR7 hi phenotype in LCMV-immune p55 Ϫ/Ϫ and DKO mice. Strikingly, 40 to 50% of NP396-specific CD8 T cells were CD62L lo CCR7 hi in p55 Ϫ/Ϫ and DKO mice compared to Ϸ17% in wild-type mice. Compared to NP396-specific CD8 T cells, the effect of TNFR deficiency on the expression of CD62L on GP33-specific CD8 T cells was variable and less remarkable; while 20 to 30% of the GP33-specific memory CD8 T cells in wild-type mice were CD62L lo , the relative proportions of CD62L lo cells varied between 30 and 50% in DKO mice. Taken together, these data show that TNFR deficiency affected the cell surface expression of CD62L and to a lesser extent CCR7 on antigen-specific memory CD8 T cells in an epitope-dependent fashion.
One of the hallmark features of memory T cells is their ability to undergo proliferative renewal under the influence of cytokines (25, 32, 57, 69) . Proliferative renewal is essential to prevent cellular attrition and promote survival of memory CD8 T cells (51) . During proliferative renewal, cellular proliferation is matched by cell death, as a result of which the numbers of memory CD8 T cells remain stable. Since there is evidence that TNFR signaling can regulate apoptosis of activated T cells (70) , it was of importance to examine the role of TNFRs in regulating the proliferative renewal of LCMV-specific memory CD8 T cells. To this end, groups of wild-type, p55 Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice were infected with LCMV-Armstrong, and 120 days later, proliferation of LCMV-specific memory CD8 T cells was determined by measuring BrdU incorporation in vivo. Figure 8 shows the incorporation of BrdU by LCMV-specific CD8 T cells over a period of 8 days. Consistent with published findings (54), 20 to 30% of NP396-specific CD8 T cells in the wild-type mice incorporated BrdU during a span of 8 days (Fig.  8 ). Figure 8 also shows that the relative proportions of LCMVspecific CD8 T cells that incorporated BrdU in p55 Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice were comparable to those of wild-type mice. The turnover of GP33-specific memory CD8 T cells in p55 Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice was comparable to that of wild-type mice (data not shown). These data suggested that proliferative renewal of LCMV-specific memory CD8 T cells is not dependent upon signaling via TNFRs.
FIG. 4. Memory phenotype CD8 T cells in TNFR-deficient mice. (A and B) Groups of wild-type, p55
Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice were infected with LCMV-Armstrong. Two hundred and ten days after infection, splenocytes were stained with anti-CD8 and anti-CD44 antibodies. The dot plots in panel A are gated on total splenocytes, and the numbers are the percentages of CD44 hi CD8 T cells among total CD8 T cells. Data in panel B are the means for three mice per group Ϯ standard deviation; data shown is representative of six independent experiments. (C) Groups of uninfected wild-type, p55
Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice (age matched with mice used in experiments in panels A and B) were sacrificed, and splenocytes were stained with anti-CD8, anti-CD44, anti-CD122, and anti-Ly-6C antibodies. The percentages of CD44 hi , CD122 hi , and Ly-6C hi cells among CD8 T cells were determined by flow cytometry. The data are the means for two to three mice per group Ϯ standard deviation.
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DISCUSSION
In this report we have documented the role of TNFRs p55R and p75R in regulating various phases of the CD8 T-cell response to an acute viral infection. We show that TNF-TNFR interactions have a negative regulatory role during the expansion and contraction phases of the CD8 T-cell response to LCMV. Deficient TNF-TNFR interactions increased the expansion of CD8 T cells and attenuated the ensuing contraction phase of the T-cell response. As a sequel, there was a significant enhancement in the number of LCMV-specific memory CD8 T cells in TNFR-deficient mice compared to wild-type mice. These findings have implications for the development of vaccines and treatment of autoimmune diseases.
In vitro experiments have suggested a role for TNF-TNFR interactions as costimulators during T-cell activation (51) . A recent report has indicated that TNFR p75R provides a CD28-independent costimulatory signal for optimal T-cell proliferation in vitro (23) . Although p55R Ϫ/Ϫ mice mount normal CD8 cytotoxic T-lymphocyte responses to LCMV (47), the effect of p75R deficiency or double deficiency in p55R and p75R on the induction of LCMV-specific CD8 T-cell responses was not known. Our studies revealed that p55R and p75R are not required for optimal activation and expansion of CD8 T cells during an acute LCMV infection. Following LCMV infection, CD8 T cells from p55 Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice underwent normal activation, proliferation, and differentiation into potent cytotoxic effector cells. Interestingly, our studies showed that loss of both p55R and p75R resulted in significant enhancement of the expansion of LCMV-specific CD8 T cells, which suggests that TNFRs may inhibit primary CD8 T-cell responses in vivo. This inference is consistent with a recent report which shows that TNF suppresses T-cell responses during a mycobacterial infection in mice (68) . Lack of TNF during a mycobacterial infection results in enhanced activation of T cells and fatal immunopathology (68) .
The antiviral effect of TNF is well established (60) . TNF activity is important in control of ectromelia virus, cytomegalovirus, and adenovirus infections in mice (48) . However, treatment with exogenous TNF or blocking TNF activity with antibodies or p55R deficiency had no detectable effects on the replication of LCMV in mice (24, 29) . Our present study confirms and extends these findings. Mice deficient in p55R and/or p75R successfully controlled an acute infection with LCMVArmstrong with kinetics comparable to those in wild-type mice. Resolution of an acute LCMV infection is dependent upon IFN-␥ and perforin (20, 31, 63) . Compared to an acute infection with LCMV, the resolution of a chronic LCMV infection is dependent upon TNFRs (55) .
During an acute LCMV infection, the peak of the CD8 T-cell response is attained on day 8 postinfection, which coincides with viral clearance. Between days 8 and 30 postinfection, 90 to 95% of the expanded CD8 T cells are eliminated by programmed contraction (19) . The mechanisms that underlie this contraction are a subject of intense investigation because of the implications for memory T-cell development and therapy of T-cell-dependent immunopathologies. It has been reported that the contraction phases of the CD8 T-cell response to Listeria monocytogenes and LCMV are impaired in IFN-␥-deficient mice (5). Here we show that TNF-TNFR interactions might play a role in regulating the contraction phase of the Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice was determined by staining with anti-CD8 antibodies, MHC class I tetramers (loaded with NP396 or GP33 peptides), and anti-CD44 antibodies. The data in panel A were obtained on day 480 after infection. Dot plots are gated on total CD8 T cells and show staining for CD44 and the indicated MHC class I tetramers. The numbers are the percentages of tetramer-binding CD8 T cells among total splenocytes. Note the enhanced frequencies of NP396-404-specific memory CD8 T cells in p55 Ϫ/Ϫ and DKO mice compared to wild-type mice. A notable enhancement in the frequencies of GP33-41-specific memory CD8 T cells is seen in DKO mice. Panel B shows the total number of LCMV-specific memory CD8 T cells in the spleens of wild-type, p55
Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice in several independent experiments (experiment 1, day 120 postinfection; experiment 2, day 210 postinfection; experiment 3, day 300 postinfection; experiment 4, day 480 postinfection). Panel C shows the total number of naïve (CD44 lo ) and activated/memory (CD44 hi ) CD8 T cells in the spleens of wild-type, p55
Ϫ/Ϫ , p75 Ϫ/Ϫ , and DKO mice in various experiments. Data in panels B and C are the means for 3 to 10 mice per group for each experiment Ϯ standard deviation. Please note the log scale in the graph.
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on October 31, 2017 by guest http://jvi.asm.org/ CD8 T-cell response to LCMV. Deficiency of both p55R and p75R consistently reduced the magnitude of contraction of CD8 T cells specific to the two immunodominant cytotoxic T-lymphocyte epitopes NP396 and GP33. However, the antigenic specificity of CD8 T cells might determine whether a deficiency of p55R alone or a double deficiency of p55R and p75R is necessary to affect the contraction phase of the anti-LCMV CD8 T-cell response. Deficiency of p55R alone attenuated the contraction of NP396-specific CD8 T cells but not GP33-specific CD8 T cells. Deficiency of both p55R and p75R was required to reduce the contraction of GP33-specific CD8 T cells. Epitope-specific effects of TNFR deficiency on the CD8 T-cell response have also been reported in an influenza virus infection model in mice (58) . Nevertheless, this finding might explain why the contraction of GP33-specific transgenic CD8 T cells was unaffected by p55R deficiency alone in previous studies (39, 45) . Notably, our results emphasize the importance of studying polyclonal multiepitope-specific CD8 T-cell responses in lieu of using monoclonal CD8 T cells carrying a transgenic T-cell receptor (39, 45) . It is worth noting that p75R deficiency did not affect the clonal downsizing of LCMV-specific CD8 T cells in vivo, despite strong evidence that had ascribed a role for p75R in activated T-cell apoptosis in vitro (70) . Similar to our results, the downregulation of primary CD8 T-cell responses following influenza virus infection was independent of p75R (58) . However, as indicated above, our studies show that p75R does play an overlapping role with p55R in mediating the contraction of GP33-specific CD8 T cells, which concurs with a report that p75R augments p55R-induced apoptosis in T lymphocytes (10) .
How did TNFR deficiency affect the contraction phase of the anti-LCMV CD8 T-cell response? The number of CD8 T cells at a given time is dependent upon the proliferation and/or apoptosis rates. Therefore, a delay in clonal downsizing of LCMV-specific CD8 T cells in DKO mice could be a sequel to increased proliferation and/or reduced apoptosis. It is less likely that continued cellular proliferation resulted in an increased number of LCMV-specific CD8 T cells in DKO mice because the proliferation rates of LCMV-specific CD8 T cells in wild-type and TNFR-deficient mice were similar during the contraction phase of the T-cell response. Consistent with the recognized ability of TNF to induce apoptosis of activated CD8 T cells (70) , at the onset of the contraction phase, the relative proportions of "proapoptotic" LCMV-specific CD8 T cells were significantly lower in the spleens of DKO mice than in wild-type mice. Previous work has shown that the "proapoptotic" status of LCMV-specific CD8 T cells on day 8 postinfection was associated with downregulation of BcL-2 expression (16) . However, we did not detect differences in BcL-2 expression between NP396-specific CD8 T cells from wild-type and DKO mice (data not shown). It was recently shown that the proapoptotic molecule Bim might be important in clonal downsizing of activated CD8 T cells following infection of mice with herpes simplex virus (40) . It would be important to examine whether TNFR-mediated apoptosis is dependent upon Bim. Nonetheless, the data presented in this paper strongly suggest that TNFRs might play a role in regulating the clonal downsizing of activated CD8 T cells in vivo.
The generation of T-cell memory is of fundamental importance to the development of effective vaccines. The development of T-cell memory is associated with both quantitative and qualitative alterations in antigen-specific T cells (2, 52, 53) . Quantitatively, there are more antigen-specific CD8 T cells in immune mice compared to naive mice. The number of memory CD8 T cells generated is a function of the extent of clonal expansion and the magnitude of clonal downsizing that occurs during the primary T-cell response (2, 19) . Our studies indicated that a combined deficiency of TNFRs p55R and p75R resulted in a significant increase (Ϸ10-fold) in the number of antigen-specific memory CD8 T cells following acute LCMV infection. What is the mechanism(s) of enhancement in the memory CD8 T-cell number in DKO mice? The increase in the number of LCMV-specific memory CD8 T cells in the DKO mice is likely a result of increased expansion coupled with reduced contraction during the primary T-cell response. Following the phase of antigen-driven expansion, between days 8 and 480 postinfection, there was an approximately 35-fold drop in the number of NP396-specific CD8 T cells in wild-type and p75 Ϫ/Ϫ mice. In striking contrast, in the DKO mice, there was only an 18-fold contraction in the number of NP396-specific CD8 T cells after day 8 postinfection. After day 8 postinfection, the magnitude of contraction of GP33-specific CD8 T cells in the wild-type and DKO mice was 34-fold and 8-fold, respectively.
Two lines of evidence argue against the possibility that prolonged antigenic stimulation in DKO mice resulted in enhancing the number of memory CD8 T cells. First, clearance of infectious LCMV in all tissues of the mice was more expedient in DKO mice compared to wild-type mice. Second, the proliferation rate of LCMV-specific CD8 T cells between days 8 and 15 postinfection was comparable between wild-type and TNFR-deficient mice. Additionally, viral persistence during an LCMV infection results in loss (exhaustion) and not inflation of NP396-specific CD8 T cells (65, 67) . The enhancement in the number of memory CD8 T cells in DKO mice was not restricted to the spleen and lymph nodes. Substantially greater numbers of LCMV-specific memory CD8 T cells were recovered from the nonlymphoid organs of DKO mice compared to wild-type mice. This finding decreases the likelihood of anatomic redistribution of memory CD8 T cells as the underlying cause of the observed increase in the memory CD8 T cells in the spleen.
Qualitative differences between naïve and memory T cells GP33-specific memory CD8 T cells in all groups of mice were uniformly CCR7 hi . However, the relative proportions of CD62L lo cells among GP33-specific memory CD8 T cells were marginally increased in the DKO mice compared to wild-type mice. We can only speculate about the cause of the observed increase in the relative proportions of CD62L lo memory CD8 T cells in DKO mice. One possibility is that TNFR deficiency leads to increased survival of memory T-cell precursors that give rise to CD62L lo memory CD8 T cells. Since it has been shown previously that CD62L lo memory CD8 T cells convert to the CD62L hi phenotype over time (65) , it is possible that the transition of memory CD8 T cells from the CD62L lo to CD62L hi phenotype is delayed in the DKO mice. Indeed, 250 days later, a great majority of LCMV-specific memory CD8 T cells in DKO mice exhibited the CD62L hi CCR7 hi central memory phenotype (data not shown). However, the observed phenotypic differences between wild-type and DKO mice did not appear to affect the ability of memory CD8 T cells to produce cytokines such as IFN-␥ upon antigenic stimulation. Preliminary studies have indicated that the activation threshold of LCMV-specific memory CD8 T cells (measuring the ability of a CD8 T-cell to produce IFN-␥ as a function of peptide concentration) in wild-type and DKO mice is comparable (data not shown). Furthermore, the unique ability of memory CD8 T cells to undergo proliferative renewal was unaffected by TNFR deficiency, which is consistent with longterm maintenance of a relatively stable number of LCMVspecific memory CD8 T cells in TNFR-deficient mice. In striking contrast to the spleen, TNFR deficiency did not affect the expression of CD62L on LCMV-specific memory CD8 T cells in the liver; Ϸ90% of NP396-specific memory CD8 T cells were CD62L lo in both wild-type and TNFR-deficient mice. Our observation is in complete agreement with published work by Wherry and Ahmed (65) . However, in contrast to our observation, it has been reported that, following intranasal LCMV infection, a significant proportion of memory CD8 T cells in the liver expressed the CD62L hi phenotype (22) . Although the exact cause of this discrepancy is not known, it is possible that differences in the routes of infection (intraperitoneal versus intranasal) might alter the magnitude and the kinetics of viral replication in different tissues, which in turn can affect the phenotype and tissue localization of virus-specific CD8 T cells. VOL. 79, 2005 TNF RECEPTORS AND T-CELL RESPONSES 211
In conclusion, we have documented for the first time that TNFRs might play a critical role in regulating all phases of the CD8 T-cell response during an acute viral infection. What are the implications of this finding? The induction of protective immunity depends on the generation of a threshold number of memory T cells (2) . Understanding the mechanisms that regulate the magnitude of T-cell memory should aid in the development of immune modalities to enhance the generation of memory T cells. Therefore, modulation of TNFR-mediated effects may be a fruitful strategy to increase the number of vaccine-induced memory CD8 T cells. Second, the findings presented in this article have clear implications for the treatment of T-cell-dependent immunopathologies. Although several studies have shown a protective role for TNF-TNFR interactions in autoimmune diseases (4, 14, 15) , the underlying mechanisms are not well understood. It has recently been shown that exacerbation of experimental autoimmune encephalomyelitis (a T-cell-dependent disease) in TNF-deficient mice is associated with prolonged myelin basic protein-specific Tcell reactivity, as measured by proliferation assays (21) . Studies with a transgenic mouse model of LCMV-induced diabetes have shown that induction of TNF-␣ late in the infection reduced the incidence of autoimmune disease by diminishing the number of autoreactive NP396-specific CD8 T cells in the islets (11) . In another study, viral infection-induced cure of prediabetic mice was shown to be dependent upon TNF-␣-dependent effects, possibly by causing the apoptosis of NP396-specific CD8 T cells (12) .
Our studies suggested that TNFRs might exert their immunoregulatory effects by inhibiting the expansion of CD8 T cells during the primary response and limiting the number of memory CD8 T cells that survive the contraction phase. Taken together, these findings suggest that caution needs to be exercised in administering anti-TNF therapies to treat T-cell-dependent inflammatory diseases because TNF deficiency might lead to augmentation of the autoaggressive T-cell response.
